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2Motivation
Core-Shell Materials
Combine	properties	of	two	
different	materials:
• Mass	transfer
• Electrical	conductivity
• Surface	for	interaction
• Volume	for	interaction
Tuning	overall	performance	by	
adjusting:	
• Share	of	shell	and	core
• Material	properties
3Carbonaceous Core-Shell Materials
for Energy Storage/Conversion
Porous	Carbon	Shell
Battery-Like	Energy	
Storage
• 80	Wh kg-1
• 10,000	cycles:	80	%	
retention	
Zeiger et	al.	J.	Mater.	Chem.	A 4,	
18899	(2016)
Mesoporous/Graphitic
Carbon	Shell
Supercapacitor
• 14	Wh kg-1
@	20	kW	kg-1
Ariyanto	et	al.	Microporous	and	
Mesoporous	Mater. 218,	130	(2015)
Hollow	Sphere	Catalyst
Electrocatalyst
MeOH oxidation
• High	activity	
390	A	gPt-1
• Stable	for	500	cycles
Ariyanto	et	al.	Electrochem
Commun. 82,12 (2017)
4Realization with 
carbide-derived carbons (CDC) 
porous	carbon	(CDC)
carbide
Cl2,	short
Review: V.	Presser,	M.	Heon,	Y.	Gogotsi,	
Adv.	Funct.	Mater. 21,	810	(2011). Cambazet.	et	al.,	J.	Am.	Ceram.	Soc.		89,	509	(2006)
Conversion	follows	a	Shrinking-Core-Mechanism
5One key intermediate needed
sel.	oxidation	
of	inner	carbon
6Problem:
Homogeneous conversion of all particles
powder	length
po
w
de
r	d
ep
th crucible
Cl2 flow
7Homogeneous conversion 
through kinetic control
Adjusting:
Amount of carbide
Powder bed height
Chlorine dosing amount
Chlorine dosing time
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Insights through validated chemical 
reaction engineering description
Knorr	et	al. Chem.	Eng.	Sci. 69,	492	(2012); Knorr	et	al. Chem.	Eng.	Technol.	35,	1495	(2012)
 
∂ !nCl2 z
∂t = −u0 ⋅ 1+ ε ⋅XCl2 z( ) ⋅
∂ !nCl2 z
∂z + DCl2,ax ⋅
∂2 !nCl2 z
∂z2 +
!V0 ⋅ 1+ ε ⋅XCl2 z( ) ⋅RCl2 z
cCl2 ,core = −
−DCl2 ,eff ⋅cCl2 ,bulk ⋅r0 − RCl2 rc ⋅rc ⋅r0 + RCl2 rc ⋅rc
2
DCl2 ,eff ⋅r0
RSiC, fraction i z =
νSiC 3.38 ⋅10−4 molξ m molCl2−1 s−1 ⋅cCl2,core
1+ 0.142m3 molCl2−1 ⋅cCl2,core( )
2
Sfraction i
Vtotal
RSiC z = RSiC, fraction i z
i
∑
Process conditions with 
homogeneous conversion 
accessible through calculation
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Application in synthesis of 
core-shell carbon for supercaps
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Carbide-derived carbon: 
Temperature dependency
• True	mesoporosity above 1300	°C
• Pronounced graphitic character above 1300°C
Etzold	et	al.	Chem.	Mater. 27 (2015)	5719
Reactive extraction
of TiC
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Synthesis
STEP change material
Ariyanto et al. Microporous Mesoporous Mater. 218, 130 (2015)
1200°C 800°C
Chlorination time
Te
m
pe
xq
ra
tu
re
shell	structure	
core	
structure	
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TEM 
CDC shell on carbide core
cCl2 =	1	mol m-3,	u	=	0.015	m	s-1;	shell:	1200°C,	20	min
TiC
TiC-CDC 
100 nm
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N2-Sorption: 
STEP
cCl2 = 1 mol m-3, u = 0.015 m s-1; shell: 1200°C, 20 min; core: 800°C, 4 h; N2-Sorption, QSDFT
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1200	°C	
X	=	0-35	%
N2-Sorption: 
STEP
cCl2 = 1 mol m-3, u = 0.015 m s-1; shell: 1200°C, 20 min; core: 800°C, 4 h; N2-Sorption, QSDFT
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800	°C
X	=	35	– 100	%
1200	°C	
X	=	0-35	%
N2-Sorption: 
STEP
cCl2 = 1 mol m-3, u = 0.015 m s-1; shell: 1200°C, 20 min; core: 800°C, 4 h; N2-Sorption, QSDFT
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TiC-CDC-800:	
• higher	specific	surface	area
• higher	capacitance
TiC-CDC-1200:
• graphitic	character	and	bigger	
sized	pores
• better	rate	performance
Electrochemical Performance
SSA-normalized capacitance
Ariyanto et al. Microporous Mesoporous Mater. 218, 130 (2015)
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Electrochemical Performance
SSA-normalized capacitance
Ariyanto et al. Microporous Mesoporous Mater. 218, 130 (2015)
TiC-CDC-800:	
• higher	specific	surface	area
• higher	capacitance
TiC-CDC-1200:
• graphitic	character	and	bigger	
sized	pores
• better	rate	performance
Core/Shell	structure	of	both	
combines	higher	capacitance	with	
better	rate	performance.
• High	power	and	
energy	density14	Wh kg
-1 @	20	kW	kg-1
max	21	Wh kg-1
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Application in synthesis 
of hollow core carbons
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Reference	material:
• CDC	different	synthesis	temp
à different	crystallinity
• Observable	by	difference	in	
oxidation	on-set	temperature
Characterization 
Temperature programmed oxidation
Ariyanto et al. Microporous Mesoporous Mater. 218, 130 (2015)
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Reference	material:
• CDC	different	synthesis	temp
à different	crystallinity
• Observable	by	difference	in	
oxidation	on-set	temperature
Core/Shell	material:
• Crystalline	shell	clearly	observed
Characterization 
Temperature programmed oxidation
Ariyanto et al. Microporous Mesoporous Mater. 218, 130 (2015)
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Oxidation and 500 °C
selective removal of amorphous core
220 nm
0.5 µm
Ariyanto et al. Microporous Mesoporous Mater. 218, 130 (2015)
• Oxidation	of	amorphous	core	makes	shell	clearly	visible
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Pt / Hollow Core 
DMFC anode catalyst
Ariyanto et al. Electrochem Commun. 82,12 (2017)
Activity	
• Hollow Core	support:	
390	A	gPt-1
• Carbon	Black	support:	
220	A	gPt-1
Stability
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Problem of kinetic control route: 
Limited to smaller amounts to show homogeneous 
conversion
Alternative: 
A homogeneous conversion would result if Cl2
could be dosed directly everywhere inside 
of the carbide powder bed.
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Homogeneous Cl2 release
NiCl2 vacuum decomposition
• Vacuum	decomposition:	Happens	at	approx.	600	°C
• Cl2 is	produced	inside	the	powder	bed	everywhere
• Temperature	suitable	for	direct	carbide	to	CDC	conversion
Ariyanto	et	al.	Carbon	115,	422	(2017)
NiCl2à Ni	+Cl2
Cl2 +	TiCà TiCl4 +	C
TiC
NiCl2
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Homogeneous Cl2 release
Variation of NiCl2 amount
• Generated	Cl2 is	fully	
consumed	in	reaction	with	
carbide.
• Degree	of	conversion	follows	
NiCl2 amount.
• Very	good	control	and	
homogeneity	even	for	bigger	
amounts.
Ariyanto	et	al.	Carbon	115,	422	(2017)
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Homogeneous Cl2 release
Used for Battery Like Energy Storage
Zeiger et	al.	J.	Mater.	Chem.	A 4 (2016)	18899;	Ariyanto	et	al.	Carbon	115,	422	(2017)
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Conclusion
• Carbon-carbide	core-shell	material:	Key	intermediate	for	high	
performance	materials	in	energy	storage	and	conversion
• Challenging prerequisite:
• Precise	control	of	partial	conversion
• Homogeneous	conversion	of	all	particles
• Solution:
• Kinetic	control (with	suitable	simulation	data):
Limited	in	efficient	production	capacity
• Homogeneous	Cl2 release	(Vacuum	decomposition	of	NiCl2):
Higher	amounts	of	CDC	can	be	produced	even	
without	Cl2 installation
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